The incidence and severity of secondary caries has been demonstrated to decrease around fluoridereleasing materials 1-6） . The use of composite resin restoration techniques has recently become an essential procedure in clinical dentistry, although it is not always possible to obtain a perfect marginal seal around the restoration. To overcome this problem, fluoride-releasing adhesive materials for composite resin restoratives have been introduced 7） . Fluoride-releasing adhesives are expected to show an inhibitory action against secondary caries, because the fluoride released should help to reduce the demineralization caused by enamel cracks or microleakage from the tooth-restoration interface 8,9） . It is noteworthy that many in vivo and in vitro studies have reported that fluoride-releasing restorative materials rendered the resin-enamel and resin-dentin interfaces more acid-resistant, thereby exerting a cariostatic effect 10-15） . Recently, a new type of self-etching agent, S-PRG （surface pre-reacted glass-ionomer） fillercontaining one-step adhesive （and thus fluoridecontaining）has been developed. Most importantly, it has received considerable acceptance due its simplified application procedure. Apart from this advantage, these products are expected to contribute effectively to inhibiting recurrent caries because being in direct contact with the tooth structure, they can act as a proximate reservoir of fluoride ions for uptake by enamel and dentin. However, the cariostatic activity of the newly developed adhesive is yet to be fully investigated.
INTRODUCTION
The incidence and severity of secondary caries has been demonstrated to decrease around fluoridereleasing materials 1-6） . The use of composite resin restoration techniques has recently become an essential procedure in clinical dentistry, although it is not always possible to obtain a perfect marginal seal around the restoration. To overcome this problem, fluoride-releasing adhesive materials for composite resin restoratives have been introduced 7） . Fluoride-releasing adhesives are expected to show an inhibitory action against secondary caries, because the fluoride released should help to reduce the demineralization caused by enamel cracks or microleakage from the tooth-restoration interface 8,9） . It is noteworthy that many in vivo and in vitro studies have reported that fluoride-releasing restorative materials rendered the resin-enamel and resin-dentin interfaces more acid-resistant, thereby exerting a cariostatic effect 10-15） . Recently, a new type of self-etching agent, S-PRG （surface pre-reacted glass-ionomer） fillercontaining one-step adhesive （and thus fluoridecontaining）has been developed. Most importantly, it has received considerable acceptance due its simplified application procedure. Apart from this advantage, these products are expected to contribute effectively to inhibiting recurrent caries because being in direct contact with the tooth structure, they can act as a proximate reservoir of fluoride ions for uptake by enamel and dentin. However, the cariostatic activity of the newly developed adhesive is yet to be fully investigated.
Therefore, the purpose of this in vitro study was to evaluate the S -PRG filler-containing one-step adhesive in terms of its fluoride release. In this connection, the uptake of released fluoride, as well as the acid resistance, of both enamel and dentin were also examined.
MATERIALS AND METHODS
The fluoride-releasing and control one-step adhesives used in the study are indicated in Table 1 . A nonfluoride-containing flowable composite resin FF （Filtek ® Flow, 3M, MN, USA）was used as the cavity filling material. The following investigations were then conducted.
Fluoride release
Specimens were prepared using a plastic ring mold with an internal diameter of 9 mm and height of 1 mm. The molds with test materials were held between two glass slides and then covered with a transparent polyester strip. The materials were manipulated according to the manufacturers' instructions, and five specimens were prepared for each test material.
Specimens were then kept in distilled water（10 ml）at a temperature of 37℃ in an incubator（MIR -162, Sanyo, Osaka, Japan） , using beakers with tightly fitting lids to prevent solution evaporation. Storage medium was collected at 1, 3, 7, 14, 30, and 60 days, and a fresh solution was then supplied. The medium was also replaced 24 hours prior to the collection, so that the amount of fluoride that had been released for 24 hours could thus be determined.
Fluoride concentration in the medium was determined using a fluoride ion selective electrode （9609BN, Orion, Boston, USA）connected to a microprocessor ion analyzer （model 290A, Orion, Boston, USA） . The electrode was previously calibrated with fluoride standard solutions（0.1, 1, 10, and 100 ppm） . Five milliliters of each test solution was added with 0.5 ml of TISAB III （total ionic strength adjustor and buffer; Orion, Boston, USA） to obtain a constant background ionic strength, and then stirred with a magnetic stirrer（AT1 model AS1, Kanazawa, Japan） without heating. Temperature of the solution was adjusted to 23℃ to compensate for any fluctuation in temperature. Fluoride ion concentration （ppm）of each test solution was then measured. The data were expressed as the mean amount of fluoride per unit area of the specimen（μg/cm 2 ） . Differences in fluoride release were compared and tested for statistical significance by the t-test for independent variables. The significance level adopted for all tests was conventionally established at 0.05. Statistical analysis was performed using a statistical software package, SPSS（SPSS 11.0J, SPSS Japan Inc., Tokyo, Japan） .
Fluoride uptake by enamel and dentin All specimens were prepared from premolars that were extracted for orthodontic reasons and stored at 4℃ in isotonic saline not exceeding three months. A cavity with a depth of about 2 mm and a mesiodistal width of about 4 mm was prepared in the cervical area （with cervical margins located in the root dentin） by means of a high-speed handpiece and round diamond burs （F440, Shofu, Kyoto, Japan） . The cavities were treated with the test and control adhesives（SI, AB, and GB） , filled with the composite resin FF, and light-cured for 30 seconds using a visible light unit（XL3000, 3M, MN, USA） . Margins of the restoration were then polished with a fine diamond point（C22ff, Shofu, Kyoto, Japan） .
Following storage in 500 ml of distilled water （replaced every 48 hours）at 37℃ for 7 and 60 days, the specimens were then cross-sectioned longitudinally through the center of the cavity with a low speed diamond microcutter（MC 201, Maruto, Tokyo, Japan） . They were then analyzed with a WDX type electron probe X-ray microanalyzer （EPMA; EPMA8705, Shimadzu, Kyoto, Japan）for the elemental distribution of fluoride in the enamel-and dentinadhesive interfacial areas.
Acid resistance
All specimens were prepared in the same way as mentioned above（i.e., Fluoride uptake by enamel and dentin） .
After storage at 37℃ for 60 days, the specimens were stored in 100 ml of an acetic acid-sodium buffer （0.2 mol/L, pH 4.5）for 12 hours with stirring. They were then cross-sectioned longitudinally through the center of the restoration and cut into two pieces with the low-speed diamond microcutter.
Enamel and dentin cavity margins were observed using a scanning electron microscope （SEM; HITACHI, S430, Tokyo, Japan） . Fig. 1 shows the amount of fluoride released from each material at each time point for a total observation period of 60 days. Fluoride release was detected from AB and SI, whereas none was detected from GB. In particular, fluoride release was greater in AB than in SI. Significant differences in fluoride release rate for AB, GB, and SI are also shown in Fig.  1 .
RESULTS

Fluoride release
Fluoride uptake by enamel and dentin Figs. 2 and 3 show the results of a WDX element analysis on the interfacial areas of representative specimens（after storing in distilled water for 7 and 60 days, respectively） . The SI specimens clearly showed an increased fluoride ion density in dentin ranging from 2μm （Fig. 2） to 8μm （Fig. 3） after being storing in distilled water for 7 and 60 days, respectively. Moreover, the fluoride ion density was higher in the 60-day specimen than in the 7-day specimen. However, the SI-enamel specimens failed to clearly show an increased fluoride ion density（for both 7 and 60 days） .
In contrast, AB specimens showed a very low level of fluoride ion density in both enamel and dentin after 7 and 60 days of storage in distilled water. With GB specimens, there was no detectable fluoride uptake by enamel and dentin（Figs. 2 and 3） . Fluoride uptake by enamel and dentin after storage in distilled water for 7 days（upper: enamel; lower: dentin） . Fig. 3 Fluoride uptake by enamel and dentin after storage in distilled water for 60 days（upper: enamel; lower: dentin） . Acid resistance zone is formed in the dentin adjacent to fluoridereleasing adhesives （AB and SI） . However, wall lesion and outer lesion are seen in the dentin adjacent to non-fluoride-releasing adhesive GB. Fig. 4 shows the SEM photographs of the dentin cavity margin of representative dentin specimens after demineralization with the acetic acid-sodium buffer. SI and AB specimens showed the formation of a demineralization inhibition zone adjacent to the dentin cavity margin. The demineralization inhibition zone was also observed at the enamel margin of SI and AB specimens（Figure is omitted） . However, GB specimens showed highly demineralized zones （wall lesion and outer lesion） in both dentin and enamel（Figure is omitted） .
Acid resistance
DISCUSSION
Recurrent or secondary caries is recognized as a major cause for the replacement of composite restorations 16-18） . In many cases, this may be caused by an insufficient marginal adaptation of composite restorations, which may lead to the occurrence of microleakage between the restoration and tooth structure. Cavity walls of composite restorationsat various anatomical locations -prepared in vitro have been demonstrated to show some degree of microleakage as estimated by dye penetration 18） . In general, microleakage frequently occurs at the etched dentin-restoration interface and particularly extends at the cervical cavity wall below the dentin-enamel junction 16,19） . Clinically, observable marginal adaptation defects have been reported to occur in 50％ of hybrid composites and 44％ of microfiller resin restorations after five years 20） . Besides, Wilson et al.
19）
also presented evidence that 48％ of all posterior composite restorations studied showed a deteriorated marginal adaptation after four years.
Fluoridereleasing restorative materials are thus considered to be worthy of investigation as they are claimed to possess recurrent caries-inhibiting properties. Indeed, an in vitro study 21） showed that fluoride-releasing restoration materials reduced the lesion depth and mineral loss of adjacent enamel by about 30％.
Apart from Forsten 21） , many investigators have shown the ability of fluoride-releasing dental restoration materials in increasing the fluoride ion density in enamel and dentin adjacent to the restoration 22-26） . This fluoride release property may also confer some cariostatic effects on the materials, since fluoride uptake leads to increased resistance of interfacial enamel and dentin to acid. Indeed, various in vitro studies 5,14,16,23,27,28） have shown that improved fluoridated materials exhibited an inhibitory effect on the development of marginal demineralization following acid exposure. The use of fluoride-releasing materials is thus advocated for the prevention of initial or secondary caries around restorations 29） . Of late, various fluoride-releasing adhesive systems and composite resins have been developed 6,9,28,30） . In particular, more recently developed fluoridereleasing one-step adhesives contain specific fluoride sources that impart enhanced fluoride-releasing ability to the adhesives. For example, AB contains PEM-F （Penta Methacryloxyethyl cycophosphazene Mono Fluoride） 31） and SI contains S-PRG filler. We have already reported that S -PRG -and PEM -F -containing materials released greater amounts of fluoride than conventional materials which contained fluoridated polymers 30,32） . S-PRG-containing adhesives released fluoride from S-PRG filler, and recharged fluoride from fluoride mouth rinse 32） . As for AB -the PEM-F -containing adhesive material, it did not show any degradation while releasing fluoride at a steady rate 33,34） .
Findings of the present study clearly showed that SI released fluoride over a considerably long time period of time（Fig. 1） . Moreover, SI specimens clearly showed fluoride uptake by enamel and dentin, which was particularly evident in the dentin specimens following 60 days of water immersion（Figs. 2 and 3） . Fluoride ion density in enamel and dentin were different between AB and SI. In particular, fluoride uptake by dentin in SI specimen was clearly observed after the specimen was stored in distilled water for 60 days（Fig. 3） . The fluoride uptake layer was more clearly seen in dentin than in enamel, especially with prolonged immersion time. This finding correlated with our previous findings on other types of fluoride-containing materials 30,32） , and it could be attributed to the structural and compositional differences between enamel and dentin, namely:（1）tubu-lar structure of dentin differs from that of enamel; （2）size and density of apatite crystals in enamel are greater than those in dentin; and 3）water content in dentin is much higher than that of enamel. Although AB released a considerable amount of fluoride（Fig. 1） , a very low level of fluoride uptake by enamel and dentin was observed in all AB specimens. This could be due to a character of PEM-F, such that fluoride uptake by enamel and dentin is not as easy. In the same vein, difference in fluoride uptake between SI and AB specimens could partially be explained by the difference in fluoride releasing component, thereby suggesting that S-PRG filler might have some advantageous influence on fluoride uptake in the tooth structure.
Moreover, acid resistance zones were clearly formed adjacent to the cavity margins of AB and SI specimens（Fig. 4） . Indeed, the formation of acid resistance zones further illustrated the important influence of the fluoride-releasing property of these adhesive materials. Hence, in terms of improving acid resistance in tooth structures, the effectiveness of fluoride-containing adhesive materials （SI） was clearly far more superior to that of adhesive materials which did not contain fluoride（GB） .
In this study, it was found that apart from the advantage of easy application of one-step adhesives, the fluoride content was also effective in improving the resistance of enamel and dentin to acid 35） . With these newly developed, fluoride-containing one-step adhesives, it is indeed most beneficial that they are able to prevent secondary caries while at the same time perform their dental restoration role.
CONCLUSIONS
This in vitro study demonstrated that a newly developed S-PRG filler-containing one-step adhesive had fluoride-releasing property that led to uptake of fluoride by enamel and dentin adjacent to the adhesive. Moreover, the corresponding areas showed decreased demineralization following acid exposure. Although these results may not necessarily be extrapolated to the clinical situation, they nonetheless support the notion that fluoride-releasing resin adhesives have some inhibitory effects on the demineralization process of enamel and dentin, and thus contribute to inhibiting recurrent caries formation. This notion may be further established by elucidating the mechanism of action, and in particular, the optimum amount and concentration of fluoride for caries inhibition.
